Introduction
The Middle Triassic Hawkesbury Sandstone is an important groundwater reservoir in the Illawarra district of New South Wales, Australia, including the EAW 18a and EDEN 115 field (Rust and Jones, 1987; Miall and Jones, 2003 ; Figure 1 ). The Middle Triassic Hawkesbury Sandstone served as one of the primary sources of groundwater, while the Middle Triassic shale (Mittagong Formation) represents the excellent capping rocks for these reservoirs. Almost 15% of the groundwater is produced from the Hawkesbury Sandstone (Rust and Jones, 1987) . In the southern Sydney Basin, the Middle Triassic Hawkesbury Sandstone has a wide geographic distribution, either exposed or subsurface.
Provenance studies of clastic sedimentary rocks often aim to reveal the composition and geological evolution of the sediment source areas and to constrain the tectonic setting of the depositional basin. Previous works have revealed that the chemical composition of clastic sediments is a function of a complex interplay of several variables, including the source rock composition, the extent of weathering, transportation, and diagenesis (Taylor and McLennan, 1985; Bhatia and Crook, 1986) . However, the tectonic setting of the sedimentary basin may play a predominant role over other factors, because different tectonic settings can provide different kinds of source materials with variable chemical signatures (Bhatia, 1983; Pettijohn et al., 1987; Chamley, 1990; ArmstrongAltrin and Verma, 2005) . For instance, the sediments in the passive continental margin tend to have more stable features (rich in Si, low in Mg and Fe, etc.) , whereas the sediments in the back arc basin are always rich in mafic rather than felsic signatures (Bhatia and Crook, 1986) . Many attempts have been made to refine provenance models using the framework composition Dickinson et al., 1983; Weltje et al., 1998) and geochemical features (Bhatia, 1983; marine and alluvial sequences, the latter including coal measures (Dehghani, 1994; Veevers et al., 1994; Bamberry et al., 1995; Veevers, 2006) . During the Middle to Late Permian, the sequences gradually became dominated by fluvial and coal deposits; major regression in the Late Permian due to uplift of the New England Orogen resulted in the formation of a foreland basin and the development of swampy deltaic conditions that ultimately produced the extensive coal deposits of the Illawarra Coal Measures (Dehghani, 1994; Retallack, 1999; White and Saunders, 2005) . The influx of material from the New England Fold Belt in the form of lacustrine, fluvial, and floodplain deposits of the overlying Narrabeen Group resulted in the cessation of coal deposition in the Early Triassic (Naughton and Terada, 1954; Dehghani, 1994; Saunders et al., 2005) . Subsequent uplift and erosion exposed these rocks in highlands, generally westerly of the present coastline, to provide sources for the simple succession of Early (Narrabeen Group) and Middle (Hawkesbury Sandstone and Wianamatta Group) Triassic distinctive sedimentary layers deposited in the depression. Tilting of the region during this deposition changed source areas of the sediments, the Narrabeen Group being derived from the north and the overlying Hawkesbury Sandstone from southerly sources .
Samples and methodology
The petrography of the Hawkesbury Sandstone was based on 32 samples. These samples were selected from the outcrop and from 2 wells (EAW 18a and EDEN 115) . Thin sections prepared from 32 blue epoxy-impregnated samples were examined under a polarizing microscope. The amounts of detrital and diagenetic components, and pore types as well as the textural modal grain size and sorting parameters, were determined by counting 400 points in each of the 32 thin sections. The point counts were done using both Gazzi-Dickinson (Gazzi, 1966; Dickinson, 1970) and standard methods to minimize the dependence of rock composition on grain size (Ingersoll et al., 1984) . Framework parameters (Ingersoll and Suczek, 1979) and detrital modes of the studied sandstone samples are given in Table 2 .
The morphology and textural relationships among minerals were examined in 8 gold-coated samples with a scanning electron microscope (SEM) equipped with an energy-dispersive spectrometer (EDS), using an accelerating voltage of 10 kV. X-ray diffraction (XRD) analyses were performed for studied samples using a Philips (PW3710) diffractometer (Cu Kα radiation, 35 kV, 28.5 mA) to determine the percentage of each mineral in fine-grained samples and clay minerals in the sandstone samples (oriented samples of <2-µm clay fractions).
All studied samples were analyzed for major-element geochemistry. The major oxides were determined in EDEN16 C SR-R M-Ws C > P F = Fine-grained; F-M = fine to medium; M-C = medium to coarse; C = coarse-grained; VC = very coarse-grained; SA = subangular; SA-SR = subangular to subrounded; SR-R = subrounded to rounded; R = rounded; VPs = very poorly sorted; P-Ms = poorly to moderately sorted; Ms = moderately sorted; M-Ws = moderately to well sorted; Ws = well sorted; F > P= float > point contact; P > L= point > long contact; C > P = concaveconvex > point contact. Qm = Monocrystalline quartz; Qp = polycrystalline quartz; KF = K-feldspar; PF = plagioclase-feldspar; Lp = plutonic lithic fragment; Lv = volcanic lithic fragment; Ls = sedimentary lithic fragment; M = mica; Nop = nonopaque; I.O = iron oxides; Mu = muscovite; Qz th = quartz overgrowth; Sid = siderite; Cal = calcite; Ank = ankerite; Dol = dolomite; Ill = illite; Ka = kaolinite; Chl = chlorite; Mix = mixed-layer clay; Po = point-counted porosity. Qt = Total quartz; F = feldspar; Lt = total lithic fragment; Qt = Qm + Qp; F = Pl + KF; L = Lp+ Lv + Ls; Lt = L + Qp.
32 bulk samples using the X-ray fluorescence (XRF) spectrometry technique on fused beads (Rollinson, 1993) . The correlation coefficient was obtained for the chemical data using the method of Davis (1986) . XRF, XRD, and SEM-EDS analyses were performed at the laboratory of the National Research Center of Egypt. Analytical precision was better than 5% for the major oxides. Loss of ignition (LOI) was estimated by firing dried samples at 1000 °C for 2 h. Total iron was expressed as Fe 2 O 3 . Major-element data were recalculated to an anhydrous (LOI-free) basis and adjusted to 100% before using them in various diagrams. 
Results

Sandstone petrofacies and texture
The Middle Triassic Hawkesbury Sandstone is composed of sandstones and less common siltstone and shale. The analyzed sandstone samples of the Hawkesbury Sandstone Formation are medium-to coarse-grained, subangular to subrounded, and moderately to poorly sorted (Table  1 ). All types of major grain contact, including float, point, long, and concave -convex, are present. However, an abundance of point contact was noted. Sandstone classification was made using the Dott-McBride scheme ( Figure 3 Figure 4 ). Average existing pore space constitutes 7.84% of the rock (Table 2) . Quartz is the most abundant framework grain in the sandstones, constituting an average 92.07% of rock volume. The quartz grains are commonly subangular to subrounded in shape (Figure 4a ). Most of the quartz grains show multiple deformation fractures (Figures 4b and 4c) . Among quartz grains, Qm (95.9 vol.%) is dominant over Qp. Most of the Qm grains have undulatory extinction. Some of quartz grains contain inclusions of rutile, zircon, and tourmaline ( Figure 4d ). Long, point, and concavoconvex contacts are common ( Figure 4b ) and are caused by pressure solution and compaction. Some quartz grains display syntaxial overgrowths (Figure 4e ), and some others are corroded at their margins (Figures 4c and 4f ). Heavy minerals, mica flakes (Figure 4d ), and clay minerals (kaolinite, illite, mixed clay, and chlorite) also exist (Figures 4e-4g ). Mica and heavy minerals (rutile, zircon, and tourmaline) appear in accessory quantities (<1.0%; Table 2 ).
Feldspars (avg.: 0.31%) are mostly absent in many thin sections (Table 2 ). They are subangular and clear of inclusions. Orthoclase, microcline, and perthite are the most common varieties. K-feldspar (K) (avg. 0.15%) dominates over plagioclase (avg. 0.02%) and is mostly orthoclase and microperthite, with fewer microcline grains. Most feldspar grains are altered, which implies a high degree of chemical weathering. Plagioclase is rare and occurs as altered grains.
Rock fragment include chert, carbonate (shell), and metamorphic (Qp) fragments (Figures 4b and 4h) . Volcanic (Lv) and plutonic (Lp) fragments are completely absent in Hawkesbury sandstones. Generally, the fragments are subrounded; however, a few rounded clasts are observed. The absence of feldspars in most samples indicates that the rock is extensively recycled and derived from old sedimentary rocks.
Lithic fragments are recorded in the majority of samples (Figures 4d, 4h , and 4i). They range from 0.0% to 17.7% with an average of 5.28%. They include chert, siltstone, claystone, granitic fragments, and metamorphic fragments in decreasing order of abundance. Volcanic fragments (Lv) are completely absent in these sandstones. Compositionally, the most abundant types of lithic fragments are chert fragments (Figures 4d and 4h ), hematitic claystone, and hematitic siltstone ( Figures  4c and 4i) . Generally, the fragments are subrounded; however, a few rounded clasts are observed. Lithic plutonic (Lp) fragments are rare. They include clasts of quartz and feldspar and are granitic in origin.
Muscovite is a minor accessory grain type within the samples. It ranges from 0.0% to 3.0% with an average of 0.31%. Grains are fine-medium to coarse-grained and replaced by siderite cement in some samples (Figure 4d ). The regionally metamorphosed rocks and granite are the main source of mica.
Heavy minerals form a minor constituent (less than 0.7%) of the sandstones and include rounded to wellrounded grains of zircon, rutile, tourmaline, and opaque minerals ( Figure 3 . QFL triangular diagram shows the classification of the Hawkesbury sandstones, modified from Dott (1964) and McBride (1963). as pore fillings are silica, carbonate (siderite, calcite, dolomite, and ankerite), clays (kaolinite, illite, mixedlayer clay, and chlorite) and iron oxides, with siliceous cement being predominant. A portion of oversized pores (2%) is presumed to be due to the dissolution of feldspars, authigenic silica, and other unstable minerals.
Clay mineralogy
The clay minerals identified in sandstones are kaolinite, mixed-layer illite/smectite, illite, and chlorite in decreasing order of their abundance. Kaolinite and mixed-layer illite/ smectite (avg. 18.35%) dominate over illite and chlorite (avg. 1.4%; Table 2 ). These variations may be related to relative changes in the climatic conditions in the source area. The moderate crystallinity exhibited by the clay minerals indicates their detrital origin from weathering horizons and soils developed on silicic rocks, and transportation in a fluvial environment (Keller, 1956; Abu-Zeid et al., 1989 , 1991 . Source area weathering is confirmed by the absence of smectite and the low percentage of chlorite (Table 2 ; Figure 4 ). The predominance of kaolinite with little or no illite indicates their sedimentary origin under continental conditions (Lonnie, 1982; Tsuzuki and Kawabe, 1983; Amer et al., 1989) .
Diagenetic minerals
The most common diagenetic constituents of the Hawkesbury Sandstone are quartz overgrowths, carbonate cements, authigenic clay minerals. and iron oxides.
Authigenic quartz
Authigenic quartz is present in all samples under investigation. It was better developed in large intergranular pore networks and the pores are often occluded by large quartz overgrowths (Figures 4a, 4h, 4i, . It ranges between 0.5% and 8.5% with an average of 6.18% (Table 2) . Quartz cement mainly occurs as syntaxial overgrowths (Figures 4e, 5c, and 5d). It also occurs as syntaxial outgrowths in clay-coat-rich sandstones (Figures 4h, 4i, 5a, and 5e). Thus, quartz overgrowth is recorded as the second cement in this unit after iron oxide. The pore waters required for the precipitation of these overgrowths would have been acidic or slightly alkaline, in an environment containing sufficient dissolved silica to allow quartz overgrowth formation. During diagenesis, sediments were subjected to different conditions that might activate sources of silica for quartz cementation, such as dissolution of feldspar (Hawkins, 1978) , pressure solution (Bjorlykke et al., 1986; Houseknecht, 1988; Dutton and Diggs, 1990; Bjørlykke and Egeberg, 1993; Dutton, 1993; Walderhaug, 1994) , replacement of quartz and feldspar by calcite (Burley and Kantorowicz, 1986) , and transformation of clay (Hower et al., 1976; Boles and Franks, 1979; Rodrigo and Luiz, 2002) . The dissolved silica of the Hawkesbury Sandstone was probably derived from the extensive dissolution of feldspar and volcanic lithic fragments, kaolinitization, and chemical compaction (Zhang et al., 2008; Umar et al., 2011) .
Carbonate cement
Carbonate cement is the second cement in the studied sandstones. It ranges from 0% to 35.1%, with an average of 3.89%. The carbonate cement contains siderite, calcite, ankerite, and dolomite. Generally, siderite cement is more common than ankerite, dolomite, and calcite cement phases (Figures 4 and 5) .
Siderite ranges between 0.0% and 15.7% with an average of 2.97% (Table 2) . It exists as fine-and mediumgrained rhombs, as microcrystalline siderite (≤50 µm), and as coarse crystalline siderite (up to 200 µm; Figures 4c and 5f). Siderite is usually stained by iron oxide and contains rare fluid inclusions. It also occurs as pore-filling cement between quartz grains (Figures 4b-4d and 5f) as well as grain coatings (Figure 5g ). Siderite cement is observed with quartz grains in most samples where it fills small pores between tightly packed quartz grains.
Ankerite ranges between 0% and 13.2% with an average of 0.55% (Table 2) . It is not recorded in most samples. Ankerite cement also fills pore between quartz grains and is present as poikilotopic cement (Figure 4h ). Dolomite (0%-5.4%) is recorded only in a few samples, while trace amounts of calcite (0%-0.8%) are restricted to 4 samples (Table 2) . Thus, calcite cement is less prevalent than dolomite cement. Weakly ferroan calcite is the minor carbonate cement phase in the Hawkesbury Sandstone ( Figure 5g ). It commonly occurs in association with detrital carbonate components, suggesting that these acted as nuclei for cement formation. The ferroan calcite cement has survived dolomitization, most probably due to poor permeability for the circulation of Mg-rich fluids. The source of magnesium is released through the washing of clay minerals. On the other hand, widespread ferroan carbonate cementation is thought to have occurred under reducing alkaline pore water conditions (Morad, 1998; Elghali et al., 2009 ). The ions required for cement formation were probably derived from alumino-silicate grain dissolutions and clay mineral transformations.
Authigenic clay minerals
Authigenic clay minerals principally comprise kaolinite, illite, mixed-layer illite/smectite, and chlorite. The authigenic clay minerals form the second-most abundant cement in the Hawkesbury Sandstone, with kaolinite being the most widespread authigenic clay mineral. They fill pores and replace detrital grains and earlier clays (Spry, 2000) .
Kaolinite (2.5%-31.8%) is ubiquitous in the Hawkesbury Sandstone. It is present as booklets and vermicular aggregates and occurs in the mud matrix, pseudomatrix, and detrital grains as pore-filling cement (Figures 5d and 5h) and as grain coatings (Figure 4e). Primary and secondary pore spaces are often filled by authigenic kaolinite (Figures 5d and 5h) . Kaolinite is present with illite and quartz overgrowths in most samples (Figures 4e and 5d ). Quartz overgrowths are enclosed by authigenic kaolinite and this indicates that the latter was precipitated after the quartz overgrowths (Figures 4e and  5d ).
The kaolinite formation is dependent on sufficient porosity and permeability to allow migration of interstitial pore waters and to provide growth space, on the presence of K-feldspar and/or muscovite as a source of Al and Si, and on pore waters of an acidic pH.
Mixed-layer illite/smectite (0.2%-17.2%) is the secondmost abundant clay mineral in the Hawkesbury Sandstone. Mixed-layer illite/smectite has a honeycomb-like texture. Mixed-layer illite/smectite is observed as pore-lining Po) coated by kaolinite (K) (note: kaolinite engulfed quartz overgrowths (QO) and chlorite intergrown with authigenic kaolinite); (e) pore-filling iron oxide cement engulfed and stained quartz overgrowth (note: silica overgrowth completely fills the interparticle pore); (f) quartz grain (Q) is engulfed by siderite cement (S) (note: bent muscovite grain (red arrow)); (g) 3 successive cements: quartz overgrowth, calcite, and Fe-calcite cement (siderite) (note: siderite cement grows as cleavage plane around quartz grains and quartz overgrowth dissolution (QOd) by calcite cement (Ca)); (h) SEM image of kaolinite booklets (K) engulfed by fibrous illite (ill); (i) SEM image of quartz overgrowth (QO) coated by fibrous illite (ill) and mixed-layer clay (ch/sm); (j) SEM image of dissolution of authigenic silica (QOd); (k) SEM image of mixed-layer clay-illite/smectite (il/sm); (l) dissolution of detrital quartz grains (Q) and authigenic silica (QOd) by siderite cement (S).
to pore-filling clay with a ragged-platy morphology. It occurs within quartz overgrowths in some samples. Mixed layer illite/smectite is present as grain coatings and thus postdates the quartz cementation (Figure 4f ).
Illite (0%-4.5%) is visible as fibrous illite, mat-like and lath-like crystals within kaolinite, mud matrix, and mud intraclast (Figures 4e, 4g, 5d , 5h, and 5i). It is oriented perpendicular to grain surfaces. Additionally, illite appears as platelets arranged on the framework grain surfaces and as high-birefringence patches. It coats kaolinite and quartz grain edges (Figures 5d and 5h) . Illite, which typically forms during progressive burial under elevated temperatures (90-130 °C; Morad et al., 2000) , required high K-pore water to achieve illitization in the sandstone.
Chlorite (0%-2.1%) exists in the succession as a pore-filling cement and as grain-coatings on authigenic minerals. It occurs as scattered crystals and as rims on quartz overgrowths, and it is intergrown with authigenic kaolinite (Figure 5d ). In some samples, chlorite is also present as a grain-coating on kaolinite.
Major-element geochemistry
The major-element concentrations of the Hawkesbury Sandstone are given in Table 3 with the ratios between elements. These elements are compared in Table 4 with the average composition of passive margin sandstones (Bhatia, 1983) , Amazon big river sands (Potter, 1978) , and average arkosic sandstones (Pettijohn, 1963) , to be used later for investigating provenance and tectonic setting. Table 3 shows that most of sandstone samples are rich in SiO 2 (77.6%-95.73%). The source of silica is mainly quartz, chert, quartzite, feldspars, and clay minerals. Sandstones have a wide range of Al 2 O 3 (1.19%-3.45%), MgO (0.41%-3.6%), CaO (0.03%-5.3%), K 2 O (0.39%-1.2%), and Fe 2 O 3 (1.02%-3.9%). Al 2 O 3 and K 2 O content may be related to the presence of K-feldspars (orthoclase and microcline), illite, and mica, while MgO and CaO content may be related to the presence of carbonate cements and Fe 2 O 3 content may be related to the abundance of iron oxide heavy minerals and partly to Fe-containing clay minerals. In contrast, the Hawkesbury Sandstone possesses low average contents of Na 2 O, TiO 2 , MgO, and CaO. The source of Na 2 O is principally related to plagioclase feldspar. Tiopaque minerals and rutile are the main holders of TiO 2 . MgO content is related mostly to the presence of ankerite and dolomite cements. Carbonate cement and diagenesis of plagioclase are the main sources for CaO.
The Hawkesbury Sandstone is highly depleted in most of the major elements except SiO 2 (due to enrichment in quartz and chert), suggesting an intense degree of weathering and reworking that removed ferromagnesian minerals and feldspars. Using the geochemical classification diagram of Herron (1988) and Pettijohn et al. (1972) , the Hawkesbury Sandstone is mostly composed of quartz arenites with subordinate sublithic arenites (Figures 6a and 6b) , which is consistent with the petrographic data. The depletion of Na 2 O content for the Hawkesbury Sandstone (0.27 ± 0.13, n = 32) can be attributed to the relative absence of Naplagioclase, consistent with the petrographic data. K 2 O and Na 2 O contents and their ratios (2.93 ± 1.63, n = 32) are also consistent with the petrographic observations, according to common presence of K-feldspar, illite, and muscovite (McLennan et al., 1983; Nath et al., 2000; Zhang, 2004; Osae et al., 2006) . Al 2 O 3 content is low in Hawkesbury Sandstone (1.81 ± 0.54, n = 32), supporting the minor presence of K-feldspar, clay minerals, and mica. Similarly, generally low concentrations of TiO 2 (0.19 ± 0.04, n = 32) reflect low abundances of Ti-opaque minerals and rutile in the analyzed samples.
On the Al 2 O 3 /TiO 2 vs. (SiO 2 ) adj plot of Le Bas et al. (1986) shows that samples of Hawkesbury Sandstone are exclusively felsic in composition (Figure 7 ). The correlation between SiO 2 and Al 2 O 3 is negative for the studied sandstone samples (r = -0.886, n = 32; Table 5 ), indicating that much of the SiO 2 is present as quartz grains (Akarish and El-Gohary, 2008; Ahmad and Chandra, 2013) . A positive correlation between K 2 O and Al 2 O 3 (r = 0.776) implies that the concentrations of the K-bearing minerals have significant influence on Al distribution and suggests that the abundance of these elements is primarily controlled by the content of clay minerals (McLennan et al., 1983; Jin et al., 2006; Akarish and El-Gohary, 2008 (Table 3) indicate a mixed source rock. Dickinson and Suczek (1979) and Dickinson et al. (1983) related detrital sandstone compositions to major provenance types such as stable cratons, basement uplifts, magmatic arcs, and recycled orogens. To interpret the tectonic discrimination source fields, the Hawkesbury Sandstone was plotted on the QtFL and QmFLt ternary diagrams of Dickson et al. (1983) . The Hawkesbury sandstone samples are plotted in cratonic interior or recycled orogenic fields (Figures 8a and 8b) . Such a craton type reflects mature sandstones derived from relatively low-lying granitoid and gneissic sources, supplemented by recycled sands from associated platform or passive margin basins (Dickson et al., 1983) . The low percentage of unstable grains (feldspar and other rock fragments; <8.0%), the dominance of monocrystalline quartz, and the alteration of feldspar grains suggest that the source area underwent a long period of intensive chemical weathering in a warm humid climate (Pettijohn et al., 1987; Amireh, 1991) . Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 32.00 100 0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.229 0.000 0.000 n = Number of samples; SD = standard deviation; (SiO The percentage of major elements (Table 3 ) was used to discriminate the tectonic setting of sandstones (Schwab, 1975; Bhatia, 1983; Korsch 1986, 1988; Armstrong-Altrin et al., 2004) . The discriminant function diagrams were used to understand the provenance for the Hawkesbury Sandstone. The discriminant function diagram of Roser and Korsch (1988) suggests that Hawkesbury Sandstone may be derived exclusively from mature polycyclic continental sedimentary rocks ( Figure  9a ). The discriminate degrees of Bhatia (1983) favor a passive margin setting for the Hawkesbury Sandstone (Figure 9b ). Tectonic discrimination diagrams of Roser Modern big rivers (Amazon) (Potter, 1978) Arkose (Pettijohn, 1963) Passive margin (Bhatia, 1983) Present work and Korsch (1986) suggest that the Hawkesbury Sandstone falls exclusively in the field of passive tectonic margin (Figure 9c ). In such a setting, the sediments are largely quartz-rich sandstones that derived from plate interior or stable continental areas and were deposited in the intracratonic basin or passive continental margins (Roser and Korsch, 1986) .
Discussion
Tectonic setting
CaO
In silica-rich sands (SiO 2 > 70%) with a K 2 O/Na 2 O ratio of more than unity (Bhatia, 1983) and FeO + MgO content of less than 5% (Taylor and McLennan, 1985) , the correlation with a passive margin setting is distinct. The Hawkesbury Sandstone meets all of these parameters ( The tectonic discrimination diagrams proposed by Bhatia (1983) and Korsch (1986, 1988) have mostly been used to identify the tectonic setting of unknown basins (Jafarzadeh et al., 2013; Nowrouzi et al., 2013) . Armstrong-Altrin and Verma (2005) evaluated these major-element-based discrimination diagrams using Miocene to Recent sediments and showed a low percentage success rate (0%-23%) for the Bhatia (1983) diagram and success of 31.5%-52.3% for the diagram of Korsch (1986, 1988) .
Recently, Verma and Armstrong-Altrin (2013) proposed 2 new discriminant-function-based majorelement diagrams for the tectonic discrimination of siliciclastic sediments from 3 main tectonic settings: island or continental arc, continental rift, and collision, created for the tectonic discrimination of high-silica [(SiO 2 ) adj = 63%-95%] and low-silica [(SiO 2 ) adj = 35%-63%] rocks. The high-silica discriminant-function-based major-element diagram is used in this study to identify the tectonic environment of the studied Hawkesbury Sandstone samples (Table 3 ). This tectonic discriminant diagram (Verma and Armstrong-Altrin, 2013) suggests that the Hawkesbury Sandstone plots near the line that separates collision and rift fields (Figure 10) . The results obtained from this discriminant-function-based multidimensional diagram provides good evidence for the source area tectonic system, which is consistent with the general geology of Hawkesbury Sandstone in the Sydney Basin (Dehghani, 1994; Veevers et al., 1994) .
Source area weathering
The weathering history of ancient sedimentary rocks can be evaluated in part by examining relationships among the alkali and alkaline earth elements (Nesbitt and Young, 1982) . A good measure of the degree of chemical weathering can be obtained by calculation of the chemical index of alteration (CIA), plagioclase index of alteration (PIA), and chemical index of weathering (CIW) (Nesbitt and Young, 1982; Fedo et al., 1995 (Bakkiaraj et al., 2010) . The variation in CIA values (n = 32, mean = 41.66, SD = 16.21; median = 44.9) may reflect changes in the proportion of feldspars and the various clay minerals in the analyzed samples. Size sorting during transportation and deposition generally results in some degree of mineral differentiation, which may modify the CIA (Pettijohn, 1975; Nesbit and Young, 1982) .
Petrographic evidence such as heterogeneous roundness for different grains (coarser ones are rounded and finer ones are angular) implies the importance of mechanical effects for grain shape configuration. Coarsegrained feldspars are related to a low degree of chemical weathering. Moreover, the rounded quartz overgrowths indicate recycling, which, in turn, can modify the compositional data towards the quartz-rich sandstones. The point count data for the Hawkesbury Sandstone samples on the diagram of Weltje et al. (1998) plot in the metamorphic/sedimentary field and field number 4 ( Figure  11a ), which indicates that recycling and sedimentation occur in low-relief and tropical humid climatic conditions. According to Laird (1972) , the sediments plotted in such fields are mainly derived from deeply weathered graniticgneissic terrain, which are quartz-rich sandstones, poor in feldspar and rock fragments.
The QFR F ternary diagram of Suttner et al. (1981) indicates a metamorphic source rock in a humid climate (Figure 11b ). However, this particular diagram can discriminate only sources of metamorphic and plutonic rocks (humid or arid conditions), and it does not discriminate between different tectonic settings. The diagrams (Figures 11a and 11b) are defined for first-cycle sediments, and the effect of recycling and long-distance transportation can shift the data on these diagrams toward humid conditions (Jafarzadeh and Hosseini Barzi, 2008) . These considerations probably imply that new diagrams should be proposed, such as those suggested in the field of sedimentary rock geochemistry (Armstrong-Altrin and Verma, 2005) and those already proposed in the area of igneous rock geochemistry (e.g., Agrawal et al., 2004; Verma et al., 2006) .
To make use of the chemical parameters, the ratio of SiO 2 /Al 2 O 3 against that of quartz, quartzite, and chert/ (feldspar + rock fragments), (Q/F+RF) was plotted (Figure 12a ), which is interpreted to reflect the maturity of sandstones (Pettijohn, 1975) . A higher SiO 2 ratio coincides with higher silica phases of quartz, quartzite, and chert, which in turn reflect that such sandstones are mature. A bivariate plot of SiO 2 against total Al 2 O 3 +K 2 O+Na 2 O as proposed by Suttner and Dutta (1986) was used in order to identify the maturity of the Hawkesbury Sandstone as a function of climate (Figure 12b ). This plot revealed humid climatic conditions for the samples investigated.
Paleoweathering conditions can also be detected using the Al 2 O 3 -CaO+Na 2 O-K 2 O (A-CN-K) ternary diagram of Nesbitt and Young (1984) (Figure 13 ), where unweathered rocks are clustered along the left-hand side of the K-feldspar-plagioclase join (Nesbitt and Young, 1984; Holail and Moghazi, 1998) . All the samples analyzed here plot parallel to the A-CN line (Figure 13 ), defining a nonsteady-state weathering trend towards the "CN" apex, which is probably due to the presence of diagenetic calcite cement rather than Na-rich feldspar. This nonsteady-state weathering indicates balanced rates of chemical weathering and erosion, which produces compositionally similar sediments over a long period (Nesbitt et al., 1997; Selvaraj and Chen, 2006) . The result supports the conclusion that the sandstones of the Hawkesbury Sandstone Formation were derived from granitic to granodiorite source terrain ( Figure 13 ). Some samples of the Hawkesbury Sandstone Formation plot close to the Al 2 O 3 -K 2 O boundary, indicating moderate to intense weathering conditions in the source area. Obviously, the highest degree of alteration (in terms of CIA) is compatible with the sediments having maximum kaolinite and less feldspar content. CIA values correlated well with kaolinite content (Table 3) . They decrease upwards with a decrease in kaolinite and an increase in feldspar.
Hydraulic sorting
Hydraulic sorting of detrital mineral grains can significantly influence the chemical composition of bulk sediments. Geochemical variability due to hydraulic sorting can be evaluated using the index of compositional variability (ICV) (Cox et al., 1995) . Rock-forming minerals such as plagioclase, k-feldspars, amphiboles, and pyroxenes show ICV values of >0.84, whereas typical alteration products such as kaolinite, illite, and muscovite show values of <0.84 Figure 9 . The tectonic discriminant function diagrams for the Hawkesbury Sandstone: (a) Roser and Korsch (1988) , (b) Roser and Korsch (1986) . A: Oceanic island arc, B: continental island arc, C: active continental margin, D: passive margin, and (c) Bhatia (1983) . (Cox et al., 1995; Cullers, 2000) . The mean ICV values of the Hawkesbury Sandstone (2.85 ± 1.46, n = 32) are higher than 0.84, indicating that they are enriched in rockforming minerals (Table 3) . Similarly, the high SiO 2 /Al 2 O 3 ratio of the Hawkesbury Sandstone (avg. 53.88) indicates compositionally matured sediments (e.g., Ahmad and Chandra, 2013) (Table 3 ). This result supported the idea that Hawkesbury sandstones have a recycled orogenic source and are derived mainly from quartzose recycled rocks and/or highly weathered granitic-gneissic rocks (Figures 8 and 9a ).
Provenance
A high percentage of quartz (75.79%-98.81%) and textural features such as coarse-medium to fine grains, moderately good sorting, and the subrounded to rounded shape and low percentage of feldspar (0%-2.16%), and other rock fragments (0%-24.2%) (Tables 1 and 2) show transportation from distant/remote sources or extensive reworking of the sediments and indicate a cratonic or a recycled source for the Middle Triassic Hawkesbury Sandstone (Al-Habri and Khan, 2008) . Hawkesbury Sandstone, deposited in the craton interior to recycled orogeny (Figures 8a and 8b) , is derived from the exposed basement shield area, probably platform or uplifted basement rocks. They might be derived mainly from weathered and low-lying crystalline basement rocks or from recycled sediments. The Hawkesbury Sandstone appears to have been deposited mainly by a large-scale braided river system (the Hawkesbury River) flowing from the southwest cratonic Lachlan Fold belt source (Standard, 1969; Veevers, 1984) . The presence of mixed altered and fresh feldspars may reflect immature sediments interfingered with more mature phases. This would favor a weathered crystalline granitic source terrain (Pettijohn, 1975; Roser et al., 1996; Akarish and El-Gohary, 2008) . Relatively unstrained monocrystalline quartz grains that contain common inclusions are present in all samples, suggesting a plutonic origin (Basu et al., 1975; Potter, 1978; Hindrix, 2000) . The polycrystalline quartz grains composed of 3 or more crystals with straight to slightly curved intercrystalline boundaries indicate that the Hawkesbury Sandstone Formation was derived from plutonic igneous rocks (Folk, 1974; Blatt et al., 1980) . The scarcity of feldspar and low percentage of rock fragments or their absence in many samples favors a cratonic source, mature transport regime, and long moderate chemical weathering in a warm, dry climate (Amireh, 1991; AlHabri and Khan, 2008) . The low sedimentary rock fragments and the coaxial crystal overgrowth (i.e. double, triple overgrowth) on quartz grains (Figure 4d ) indicate several phases of recycling from older sedimentary sources (Al-Habri and Khan, 2008) .
The quantitative petrography provides important information on the nature of the source area. The high proportion of quartz and the dominance of K-feldspar over the more chemically unstable plagioclase in the Hawkesbury Sandstone Formation suggests that the source was exposed to prolonged weathering and that the sediment is at least partially multicyclic (Osae et al., 2006) . This mineralogy is consistent with derivation from H a w k esb u r y S a n d ston e H a w k esb u r y S a n d ston e Hawk esbur y Sa ndstone Nesbitt and Young, 1984) . plutonic rocks. However, the presence of rare rounded detrital quartz grains, sedimentary lithic fragments, and rounded grains of zircon and tourmaline suggests that a component of the provenance is older (preexisting) sedimentary rocks.
Moreover, the presence of greater than 77% SiO 2 implies that the sandstones are rich in quartz from a quartz-rich crystalline provenance. The K 2 O/Na 2 O ratio can be considered as a simplified chemical provenance indicator (Potter, 1978) . High values of this ratio reflect derivation from granites rather than from basic rocks. This is also confirmed by the clay mineral content, as illite and kaolinite were considered to be inherited from weathering horizons and soils developed on silicic (granitic) rocks. In addition, the absence of smectite and the low percentage of chlorite clay minerals (avg. 0.19%) also preclude mafic source rocks.
Application of cluster analyses of major oxides with their chemical index variations gives good evidence for the tectonic setting and leads to the definition of 2 main clusters (Figure 14a ) that could be related to 2 provinces. The mineralogical pattern (Figure 14b) EAW4  S10  EAW4  S11  S12  S6  S8  S9  EAW4  EDEN4  EDEN5  EDEN10  EDEN9  EDEN1  EDEN2  EDEN3  EAW2  EAW5  EAW8  EDEN7  EDEN11  EDEN8  EDEN14  EDEN13  EDEN16  EAW1  EAW3  EDEN10  EDEN12  EDEN15  EDEN6   2  11  5  13  6  7  1  3  4  19  20  15  24  16  17  18  9  12  14  22  26  23  29  28  31  8  10  25  27  30 and CIW) also differ in the 2 provinces. This variation suggests the differential effects by hydraulic fractionation and indicates a mixed source. The relatively high values of ultrastable minerals in these provinces is probably due to the large distance of transport and the abundance of clastic sediments in the hinterland as well as the effect of physical marine processes such as waves and currents along the coastal area. The major-element-based provenance discriminant function diagram of Roser and Korsch (1988) is frequently used by many researchers to identify the provenance of terrigenous sediments (Hofer et al., 2013; Khanchuk et al., 2013; Vdačný et al., 2013) and to reflect the source rock composition (Shadan and Hosseini-Barzi, 2013 ). This discriminant function diagram reveals that the source sediments of the Hawkesbury Sandstone were mature polycyclic continental sedimentary rocks, supporting the interpretation that they were derived from a granitic-gneissic or sedimentary source area ( Figure  9a) , and similar to a passive margin-derived source (Roser and Korsch, 1986; Bhatia, 1983) . The collective petrographic and geochemical data strongly suggest that the Hawkesbury Sandstone derived from plate interiors or stable continental areas and was deposited in a passive margin of a syn-rift basin.
The coexistence of quartz arenites with subordinate sublithic arenites was interpreted as an interplay of pulses of rapid uplift of the source area and quick subsidence of the basin, followed by a period of quiescence within an overall transgressive-regressive cycle in a rift tectonic regime. During quiescence, the first-cycle quartz sand may have been supplied from a nearby quartz-rich source area. A unique combination of tropical climate, low relief, low rate of sedimentation, and long residence on the beach formed the mature, first-cycle quartz arenites . However, the imprint of climate, although preserved for the first 75 km of transportation in highgradient streams, is rapidly destroyed as soon as a highenergy marine environment (beach) is reached . The relative proportion of quartz (92.1%) to feldspars (0.31%) and lithic fragments (7.59%) in the present study's sediments is dependent not only on the source rock and climate, but also to some extent on the degree of stability of the basin of deposition (Dickinson and Suczek, 1979) . During basin instability, sediments supplied from the source area were quickly buried and more or less retained the original composition, except for modification of unstable constituents (lithic fragments and feldspars) induced by chemical weathering, which has a greater capacity to alter sandstone composition (Basu, 1976; James et al., 1981; Franzinelli and Potter, 1983; Suttner and Dutta, 1986; Dutta, 1987) .
The above-mentioned observations reveal that the Hawkesbury Sandstone may have been derived from a variety of source rocks (mixed provenance). This interpretation is also supported by the presence of abundant opaque mineral grains including iron oxides (hematite), which reflect derivation from metamorphic and igneous rocks. The presence of alkali feldspars indicates their source as plutonic and metamorphic rocks (Trevena and Nash, 1981) . The suite of heavy minerals including zircon, rutile, and tourmaline indicates an acid igneous source for these sandstones, while the presence of rounded grains of rutile and zircon is an indication of the reworked source for these sandstones.
Finally, the Proterozoic granites and Permian-Triassic Illawarra Coal Measures and Narrabeen Group could have been the source rocks for Hawkesbury sandstones, which have been uplifted, tilted, and exposed because of the stress built up by the Permian-Triassic rifting. The present study can be used to show that the Proterozoic granitic and Permian-Triassic rocks (i.e. Lachlan and New England Fold Belts) in the southern and northern parts of the Sydney Basin, Australia, were already exposed in Triassic times and supplied sediments by the Hawkesbury River towards the basin.
Diagenesis
The major diagenetic aspects observed in the Hawkesbury Sandstone are: 1) compaction; 2) iron-oxide cementation; 3) silica cementation; 4) kaolinite and mixed-layer clay cementation; 5) silica dissolution, carbonate cementation, and grain replacement; 6) illite and chlorite authigenesis; and 7) carbonate dissolution and iron-oxide cementation.
Compaction
Sandstones are subjected to mechanical and chemical compactions during their progressive burial, as evidenced from the close packing of the detrital framework, which has caused a reduction in primary porosity of the sandstones (Figure 4a ). This compaction is represented by bent flexible muscovite grains (Figures 4d and 5f ) and evidenced by concave-convex, sutured contacts of neighboring clastic grains ( Figure 4b ) and a certain degree of stylolitization. The occurrence of chemical compaction is clear along detrital quartz grains. In other cases, framework grains constitute about 70% of the rock and are embedded in a siliciclastic-carbonate matrix. This primary pore-filling matrix appears to have influenced mechanical compaction and cementation, as evidenced by the presence of fractured and strained detrital quartz grains floating in carbonate cement (Figures 4b and 4c) . Hawkesbury Sandstone was subjected to some mechanical compaction until carbonate cementation occurred, which ended the effect of mechanical compaction. However, mechanical compaction continued in sandstones with few carbonates, as indicated by their sutured and long-grain contacts (Umar et al., 2011) .
Chemical compaction occurred by pressure dissolution, both along intergranular contacts and fractures (Zhang et al., 2008) . Dissolution of unstable grains (feldspar and rock fragments) is well recorded in some sandstone samples. This dissolution is due to relatively acidic conditions, in which the stability of feldspars is reduced. Dissolution appears to postdate the compaction. This process caused a local increase in porosity. 5.5.2. Iron-oxide cementation Iron-oxide occurs as a coating around detrital grains (Figures 4h, 4i , and 5a) in Hawkesbury Sandstone. It predated other diagenetic events, such as silica cementation. The iron-oxide minerals are of diagenetic origin, not an oxidized rim of detrital grains, as evidenced by the absence or weak coating of iron oxide at grain contacts. They also fill fractures in detrital quartz, indicating a postcompactional process.
Silica cementation
Silica cement in Hawkesbury Sandstone is mostly quartz overgrowth (Figures 4a, 4b, 4d, 4h, 5a, 5c, 5i, and 5j) . In noncalcareous sandstones, development of quartz overgrowth is noticeable, ranging from 5.8% to 8.5%, whereas calcareous sandstones of the transgressive facies yield little quartz overgrowth (less than 3%). The shape of the original grain is delineated by thin dark brown iron coatings developed between the overgrowth and the grain. Silica overgrowth also partially fills the interparticle pore spaces.
Detrital quartz grains are dominated by syntaxial overgrowths (Figures 5c and 5d) , probably due to their relatively higher permeability and ease of percolation of water and silica-rich fluids (Al-Habri and Khan, 2008) . Silica cement may derive from dissolution of quartz grains, replacement of feldspar, and alteration of clay minerals.
Quartz grains show straight-line boundaries and triple junctions (Figure 4c ). These signatures are related to intermediate burial, tectonic uplift and folding of the strata (Ahmed and Baht, 2006) . Grain-to-grain boundaries observed in this study appear to have culminated into triple junctions. This culmination evolved through different stages of diagenesis. Taylor (1950) concluded that in the case of point contacts, 2 processes are in operation: solid flow and solution, and redeposition (interstitial transport of dissolved material). With increasing intensity of diagenesis, imposition of self-boundaries between the 2 adjacent grains in close optical orientation gives rise to a compound grain (Figure 4a) (Dapples, 1979) . Compound grains consisting of 4 or 5 grains constitute a composite or a cluster (Aalto, 1972) and display uniform optical orientation. Under deep burial conditions, increase in temperature and pressure causes annealing of the grains and facilitates solution and recrystallization in the quartz grains in pure-quartz sandstones. Mobility of constituent chemical components leads to the formation of straightline boundaries. The precipitation of secondary silica was accompanied by, and most probably succeeded by, partial or complete dissolution of the carbonate fragments.
Kaolinite cementation
Clays represent an average 19.74% of the total cement and appear to derive from the weathering of the feldspars (Table 2 ). SEM analysis and XRD studies of the bulk samples showed that the dominant clay minerals are kaolinite and mixed-layer illite/smectite. Kaolinite exists as pore-filling and grain-coating aggregates (Figures 4e,  4g, 5d, and 5h) , postdating the quartz overgrowth phase and predating carbonate cementation (Umar et al., 2011; Zaid, 2012 Zaid, , 2013 . The characteristic vermicular texture of kaolinite indicates an origin during early diagenesis (Abouessa and Morad, 2009 ). SEM analysis indicates that mixed-layer clays (illite/smectite) postdate the quartz cementation (Figures 4f, 5c, 5i, and 5k) . 5.5.5. Silica dissolution, carbonate cementation, and grain replacement The chemistry of the interstitial fluid grows strongly alkaline and unsaturated with silica, and so the major part of the silica overgrowths and, to a lesser extent, parts of the detrital quartz grains were dissolved (QOd) (Figures  4f, 5c , 5j, and 5l).
Carbonate cements, represented by siderite, ankerite, calcite, and dolomite, formed during early diagenesis in the succession. The presence of grain-coating and porefilling siderite supports this interpretation. The margins of some detrital quartz grains are coated by carbonate cement as seen in thin sections (Figures 4b-4d , 5f, 5g, and 5l). Large pore-spaces that are available for the development of euhedral siderite crystals provide enough evidence for the deposition of siderite during early diagenesis (Lee and Lim, 2008) . Minor ferric oxide is formed by oxidation of the siderite (Standard, 1969) . Abouessa and Morad (2009) showed that siderite precipitated at high temperatures with high Fe and low Ca contents. High Fe/Ca (Table 3 ) also supports the interpretation of the precipitation of siderite cement within the early stage of diagenesis (Lee and Lim, 2008) .
The partial development of calcite cement occurs as a mosaic of grains or as superficial pore-filling between grains (Figure 5g ). The corroded quartz grains exhibit calcite cement infilling. This evidence suggests the presence of syndepositional calcite cement, which was later replaced by Fe calcite cement during deep burial. The early precipitation of carbonate cement takes place a few centimeters below the sediment-water interface (Bjorlykke, 1983) . This type of cementation occurs by exchange of interstitial marine pore water, either by meteoric water or by pore water expelled from the underlying sediments. Recently, tropical shore sediments with intergranular pores have provided favorable space for early carbonate cementation (Bjorlykke, 1983) . However, the thin dark brown mosaic coating of Fe calcite cement on detrital grains may be extrabasinal weathering rinds generated during deep burial (e.g., Walker, 1994) .
Some detrital grains and authigenic quartz overgrowths were dissolved and replaced by siderite, ankerite, and/or Fecalcite cement, and some others were corroded along grain boundaries (Figure 5g) .
Generally, the calcareous sandstones do not show any evidence of intergranular pressure solution. Apparently, early carbonate cement may have acted as a buffer between the framework quartz grains and thereby ended grainto-grain stress. This could be the reason why, even under burial conditions, the intergranular pressure solution effects on detrital grains were not imprinted on these sandstones. Evidence suggests that the replacement of early silica cement by carbonate cements may have resulted in retention of the original intergranular porosity (Figures 4f and 5j) . 5.5.6. Illite and chlorite authigenesis Illite grain-coatings are also characterized as early to midauthigenic minerals. Illite occurs as fibers, plates, and ribbons overgrowing detrital sheet-like or fibrous illite (Figures 4e, 4g, 5d , 5h, and 5i). Illite coats earlier authigenic kaolinite and silica overgrowths (Figures 4e, 5d , and 5h). High activities of K + and H 4 SiO 4 support the precipitation of grain-coating illite (Ali and Turner, 1982) . Identification of the relative timing of authigenic illite is difficult because the textural relationships between illite and other authigenic minerals were not observed (Sur et al., 2002) . The authigenic mineral assemblage and the original sandstone composition indicate the timing of authigenic illite to be during early diagenesis.
Chlorite grain-coatings are also observed to form during early to mid-diagenesis. Kaolinite is coated by chlorite in some samples. This indicates that kaolinite predates chlorite in the Hawkesbury Sandstone. Chlorite and illite formation can be derived from earlier kaolinite (Kim et al., 2007) .
Carbonate dissolution and iron oxide cementation
The loss by dissolution of carbonate cement and unstable detrital grains indicates that acid formation water flowed freely through most of the sandstones. Carbonate dissolution is evident in the form of patches of discontinuous carbonate cement and oversized pores (Figure 5g ). Meteoric water evidently invaded the sandstones after they had been uplifted and rifted. It is possible that a younger generation of Fe-oxide cements formed at this time at the surface or in the oxidized zone of the water table, which postdated tectonic fractures. The late diagenetic iron oxide (hematite) occurs as pore-filling cement engulfed and stained quartz overgrowth (Figure 5e ).
Paragenesis of the Hawkesbury Sandstone
The inferred paragenetic sequence of the Hawkesbury Sandstone is shown in Figure 15 . The sandstones have undergone intense and complex episodes of diagenesis, including early and late diagenesis due to the influence of depositional environment, deep burial, and uplift. The paragenetic sequence is inferred with respect to time by SEM, XRD, and thin-section study.
During early diagenesis, minor amounts of pore-filling and replacement calcite and quartz overgrowths occurred. During burial, mechanical compaction started to reduce pore spaces. Compaction is documented by a tight grain-supported fabric of sandstones. The compaction continued in all sandstones until the precipitation of massive carbonate (especially siderite) in some sandstones ended further compaction and continued up to a late stage in sandstones with little carbonate cement. Mechanical compaction continued from early to late diagenetic stages. Mechanical compaction can be observed by deformation fractures of quartz grains (Figure 4c ). The dissolution and alteration of unstable grains such as feldspar and rock fragments to kaolinite (Figure 5h ) was the second important diagenetic event in terms of relative timings. The iron oxides were precipitated at the second diagenetic stage (Figures 4h and 4i) . Sources for iron oxide cements might be the liberation of iron by alterations of iron-rich minerals such as hornblende, pyroxene, olivine, magnetite, biotite, and chlorite. Chemical compaction was activated at this stage, allowing pressure solution to provide the silica for quartz cementation. Quartz cement had started to precipitate in open pores before carbonate cementation. This is evidenced by the presence of welldeveloped quartz overgrowths engulfed and corroded by carbonate (siderite, ankerite, and calcite) cements ( Figures  4c, 4h, 5f , 5g, and 5l). Quartz overgrowth is well developed and continued to the late diagenetic stage in samples with little/or rare carbonate cement. The presence and growth of illite and chlorite on kaolinite indicate its later origin than kaolinite (Figures 4e, 4g, 5d , and 5h). The rare mixedlayer clays (illite-smectite) partially embedded and grown on authigenic silica also indicate its later origin than quartz cementation.
The carbonate cementation started slightly later than quartz cementation, as indicated by euhedral quartz overgrowths, which are embedded and partially replaced by siderite, ankerite, and calcite cements (Figures 4f, 5j , and 5l). During the alteration, Mg ions were liberated and reacted to precipitate dolomite overgrowth on calcite cement.
Illite may be formed diagenetically by a number of processes. The most important processes include replacement of feldspar and volcanic fragments, particularly along thin cleavage planes, and illitization of kaolinite (Figures 4e and 4g) .
The late diagenetic events were started by the dissolution and replacement of silica by carbonate cements (Figures 4c, 4h, 5g, and 5l ). This process typically occurs when the pore waters are undersaturated with respect to carbonate (i.e. the interstitial fluid is strongly alkaline), so the major part of the silica overgrowths and, to a lesser extent, parts of the detrital quartz grains were dissolved.
The late diagenetic events, started by partial leaching of the carbonate cement, occurred when the pore fluids were rendered acidic. During the final stage, a younger generation of Fe-oxide cements (hematite) may have formed following the uplift associated with rifting. The hematite cement may be derived from dissolution or alteration of iron silicates, oxidation of ilmenite and magnetite, and iron released by the replacement of siderite cement (Wolela, 2009) . The hematite stains and partially replaces siderite cement, indicating their later origin after siderite cementation (Figure 5e ).
Reservoir control and reservoir quality
The pore type and the main total porosity have been determined from petrographic and SEM studies. Three main pore types have been recognized in the studied samples: 1) primary intergranular macropores, 2) secondary intragranular mesopores, and 3) insignificant intraparticle and intracrystalline micropores. Local occurrences of fractured and vuggy porosity greatly enhance the petrophysical properties of most samples. SEM study shows that the pore interconnection is typically poor to good. Pores generally display irregular pore walls as a result of common dissolution enlargement of pores. Occasional planar pore walls are associated with welldeveloped quartz overgrowths.
The petrographic analyses reveal a number of controls on porosity development, which include depositional controls (grain size, sorting, roundness, and grain contact) and diagenetic controls (cementation and compaction). The main controls on reservoir quality are carbonate and silica cement and total clay contents (Table 2) .
Petrographic examination of grain size, grain sorting, and grain roundness against point-counted porosity shows positive correlations (Tables 1 and 2 ). However, these positive relations reveal that the overall porosity development is probably controlled by the interplay of cementation and secondary porosity creation. The study reveals that the porosity increases with samples of floating to point contacts and decreases with long, concave-convex, and sutured contacts, as shown in Figures 4a, 4b , and 5c.
The type and nature of cement and pore-occluding cement control porosity development. Modal analysis revealed that point-counted porosity showed positive correlation with authigenic cements (clay, quartz overgrowth, carbonate, and hematite) ( Table 2) .
Siderite cement has strong control over porosity. Siderite cement, and especially the poikilotopic type, tends to sit in pores, blocking pores throats and thus reducing permeability more than grain-coating cements such as quartz. Samples of less than 20% total carbonate generally have porosities of greater than 12%, while samples possessing greater than 20% total carbonate have less than 10% porosity (Zaid, 2013) .
In well logs, helium porosity is present in mediumgrained sandstone between 53 and 57.1 m (Well 115), in coarse-grained sandstone between 64 and 67 m (Well 156), and between 227.4 and 239.2 m (Well 42). Rainfall is the main source of groundwater, which is recharged by direct infiltration. The point-counted porosity is high near the surface (i.e. high infiltration rate and good groundwater recharge probability).
The point-counted porosity values range between 0% to 19.3% with an average of 7.78%, while the horizontal permeability values of most samples range between 0.2 md and 22.3 md with average of 7.9 md (i.e. poor to moderate quality). In general, the reservoir quality of the Hawkesbury Sandstone Formation is low-moderate to good and it may contain groundwater, especially near the surface.
The results of this study demonstrate that the cratonic Lachlan Orogen is the main source of the Hawkesbury Sandstone (i.e. sandstones were transported from afar along the rift by the Hawkesbury River). This was indicated by the low percentage of unstable grains such as feldspar and other rock fragments at <8%, the dominance of monocrystalline quartz, and most of the feldspar grains being altered. Siderite cement has strong control over porosity. Samples of less than 20% total carbonate generally have porosities of greater than 12%, while samples possessing greater than 20% total carbonate have less than 10% porosity. Petrophysically, the reservoir quality of the Hawkesbury Sandstone is locally low-moderate to good. The local occurrence of deformation fractures and millimeter-sized vuggy pores following silica and carbonate dissolution greatly enhances the petrophysical properties of many arenites.
